Figure 5. Sequence data suggesting that Ceratocystis fimbriata, a serious wilt pathogen of Eucalyptus spp. and Acacia mearnsii, has been introduced into South Africa and Congo from South America.
P
lantations of forest trees have been established throughout the world, primarily to provide structural timber and fiber for pulp. In the Northern Hemisphere, plantations tend to be of native species generated from seedlings in nurseries. Over the last century, however, extensive plantations of exotic species have been established in many parts of the tropics and the Southern Hemisphere. In these areas, trees were initially established in provenance trials to identify superior seed sources and genetic material. Subsequent selection of desirable trees from the best performing provenances led to the establishment of seed orchards and sophisticated breeding programs. In some cases, these breeding programs have included hybridization of species and large-scale vegetative propagation of desirable genotypes.
In both the tropics and the Southern Hemisphere, the most widely established tree species in plantations are Pinus Linnaeus, Eucalyptus L'Heritier, and Acacia Miller. Local land races-many of them natural hybrids resulting from early progeny tests, others the result of artificial hybridization between species (and land races) in all three generahave emerged in countries with long histories of exotic plantation forestry. This hybridization, both natural and artificial, coupled with vegetative propagation, has made it possible to produce highly productive clones with a wide range of desirable traits. Based on the development of these species hybrids, large international companies have emerged and become important contributors to world timber and pulp production. Most of these companies also contribute to international efforts to reduce the logging of old-growth native forests.
Exotic plantation forestry in the tropics and in the Southern Hemisphere is not trouble free. For example, fungal diseases caused by native fungal pathogens, as well as pathogens introduced with planting stock, have had a significant impact on this industry (Gilmour 1967 , Gibson 1979 , Florence et al. 1986 , Hodges et al. 1986 , Conradie et al. 1990 . More attention has been given lately to quarantine issues, but new pests and diseases continue to appear in exotic plantations, posing a serious threat to the productivity of plantations and thus to the industries that rely on them. The importance of the impact on, and threats to, native plants have been little recognized.
In this article we look at the impact of pathogens on exotic plantation forestry in the tropics and in the Southern Hemisphere. We describe the means of spread and the possible origins of several pathogens to illustrate emerging trends, such as conflicts of interest between conservation groups and forestry companies. We also discuss the relatively poor capacity of researchers to adequately evaluate the magnitude of risks linked to the introduction of pathogens.
Origin of exotic pathogens
Natural and introduced pathogens are present in exotic plantations. Exotic pathogens commonly enter new areas via germ plasm. Root pathogens, which tend to require soil and plant roots for their spread, have traveled less frequently between continents because of long-standing and strict quarantines on the movement of soil. However, many species of stem, leaf, and shoots pathogens have been introduced into new areas with seeds and plant debris associated with seed.
Root pathogens. Root diseases in exotic plantations are caused predominantly by native pathogens. Nevertheless, there are some intriguing examples of root diseases of exotic plantation trees caused by pathogens that are in all likelihood also introduced. One of these is Rhizina root disease, caused by Rhizina undulata (Figure 1 ), which can be extremely damaging in southern Africa (Gibson 1979 , Germishuizen 1984 . This pathogen is specific to conifers and is thought to be native to boreal regions (Booth and Gibson 1972) . It is generally accepted that R. undulata was introduced into plantations in southern Africa via contaminated soil, perhaps when the area was first colonized by Europeans, who introduced pine trees together with their mycorrhizal associates. Exotic Pinus and Eucalyptus plantation forestry would not have been possible in South Africa without the accidental introduction of mycorrhizae. Clearly, there was a concomitant introduction of pathogens, of which R. undulata is most likely only one example.
Pathogens of aboveground tree parts. A number of diseases appeared during the early stages of establishment of exotic species in the tropics and in the Southern Hemisphere. The pathogens were most likely introduced with early planting stock, seeds, or cones, when very little attention was given to risks associated with disease.
Many needle-and leaf-infecting pathogens were recognized relatively early in the establishment of exotic plantations. Early reports of needle diseases on pine included species of Lophodermium, Cyclaneusma, and the important pathogen Dothistroma septospora (Gibson et al. 1964 , Gilmour 1967 , Edwards and Walker 1978 , Gibson 1979 , Millar and Minter 1980 , Roux 1984 . For example, in the last century D. septospora caused millions of dollars' worth of losses in the P. radiata industry in New Zealand, Australia, Chile, Kenya, and other countries where this tree is planted as an exotic. Some possibly exotic pathogens of Eucalyptus species that appeared early in the process of plantation establishment were Mycosphaerella (Doidge et al. 1953 , Park and Keane 1982 , Crous 1998 , Phaeophloeospora (Heather 1967 , Chipompha 1987 , Crous et al. 1989 , and Aulographina eucalypti (Doidge et al. 1953, Wall and Keane 1984) . These pathogens have also been found in Australia, where Eucalyptus is native, indicating that they were most likely introduced from that country.
Sphaeropsis sapinea is one example of an introduced pathogen of exotic trees with a now cosmopolitan distribution. In many countries this opportunistic pathogen is considered relatively unimportant, of significance only where pines are growing under stress (Van der Byl 1933 , Minko and Marks 1973 , Wingfield and Knox-Davies 1980 , Brown et al. 1981 . In South Africa, however, where highly susceptible species (Pinus patula and P. radiata) are planted, regular hail damage to trees and the ubiquitous occurrence of S. sapinea as an endophyte in healthy trees , Smith et al. 1996 , Stanoz et al. 1997 ) has led to millions of dollars' worth of losses each year ( Figure 2 ; Zwolinski et al. 1990 ). Obviously, the significance of a pathogen in its natural range has little predictive value as to its aggressiveness in exotic situations.
Pathogens of timber products.
Little is known about the intercontinental spread of pathogens that infect solid wood products. Sapstain fungi, which cause discoloration of timber (Figure 3 ), include pathogens such as S. sapinea, which is widespread throughout areas where exotic pine is grown. Other sapstain fungi, such as Ophiostoma species, also have spread from native pine-growing areas to exotic plantations. Four species (Orthotomicus erosus, Ips grandicollis, Hylastes angustatus, and H. ater) of pine-infesting bark beetles have appeared in plantations outside the native range of pines and are vectors for sapstain fungi (Wingfield and Figure 1 . The root pathogen of pine, Rhizina undulata, which was probably introduced into the Southern Hemisphere with contaminated soil. Marasas 1980 , 1983 , Stone and Simpson 1987 , Wingfield et al. 1988 , Schowalter and Filip 1993 .
One of the most fascinating wood decay fungi that infect exotic pine plantations in the Southern Hemisphere is Amylostereum areolatum. This fungus is an obligate symbiont of the wood wasp Sirex noctilio (Figure 4) , which was first introduced to New Zealand around 1900 (Gourley 1951 , Gilmour 1965 , Chou 1991 . The wasp appeared in Australia in 1961 (Gaut 1970 , Talbot 1977 , Neumann and Minko 1981 , Madden 1988 ) and subsequently became established in Brazil (1980s) , Argentina (1985) , Uruguay (1980) , and South Africa (1994) (Baxter et al. 1995 , Tribe 1995 . It is likely that new introductions of S. noctilio and A. areolatum have occurred with the transport of wood products. It is particularly interesting that S. noctilio remained in Australia and New Zealand for an extended period of time without becoming established in other Southern Hemisphere countries. Yet the time span between its appearance in South America and South Africa was very short, suggesting a multiplicative effect whereby a greater distribution and an increase in international trade accelerated the spread.
The recent discovery of the wilt pathogen Ceratocystis fimbriata on Eucalyptus ( Figure 5 ) in the Republic of the Congo and in Brazil (Roux et al. 2000) and on Acacia mearnsii in South Africa (Roux et al. 1999) provides another example of a pathogen that may have traveled on wood products or perhaps on sap-feeding insects associated with wood products. This view is supported by the fact that an isolate of the fungus from A. mearnsii in South Africa is more closely related to isolates from South America than it is to isolates from the Congo. Congolese isolates of C. fimbriata are also closely related to isolates from a wide range of hosts in South America.
Exclusion of pathogens through quarantine
Because devastating tree diseases-for example, Dutch elm disease (caused by Ophiostoma ulmi and O. novo-ulmi), chestnut blight (from Cryphonectria parasitica), and pine wilt (caused by the nematode Bursaphelenchus xylophilus)-inflict great costs, both financially and in terms of their impact on ecosystems, governments have instituted quarantine measures to minimize outbreaks. Furthermore, international plant quarantine measures have been considerably refined and improved during the course of the last century, although efforts to facilitate international trade have probably increased the risks (Campbell 2001) . Despite bold attempts to prevent the spread of fungal pathogens, new diseases continue to appear and quarantine regularly fails to exclude tree pathogens.
There are many possible reasons for the failure of plant quarantine measures to exclude pathogens. Clearly, developed countries with outstanding quarantine regulations, strictly monitored borders, and the capacity to control ports of entry have the best chances of excluding pathogens. If they share borders with countries with poorer border control, however, they have little hope of effective quarantine. The so-called weakest-link-in-the-chain concept applies-that is, whole continents might be negatively affected by poor quarantine measures in a small number of countries.
One step in assessing risk and developing appropriate quarantine strategies is to find out whether a particular pathogen is already present in a country. This approach ensures that no new pathogens are introduced into a country but overlooks the fact that pathogens are represented by populations of individuals. The introduction of additional genotypes of a pathogen could have undesirable consequences, as is the case with S. sapinea, which consists of three morphotypes . Morphotype C is much more virulent than morphotypes A and B, but even morphotype A is responsible for large-scale losses in South Africa . The introduction of a more virulent morphotype should be avoided at all costs. Greater numbers of pathogen genotypes will vitiate the durability of disease tolerance in selected trees and, where sexual reproduction occurs, lead to greater genetic diversity of the pathogen (McDonald and McDermott 1993) , which would complicate disease control.
Recent studies of S. sapinea in South Africa have yielded intriguing information on the genetic diversity of this pathogen. Contrary to expectation for an introduced fungus, the population of this asexual pathogen in South Africa has a high level of genetic diversity (Smith et al. 2000) . In contrast, genetic diversity was very limited in the population of S. sapinea from Indonesia, where pinesand thus probably the pathogen-are native (Smith et al. 2000) . The only reasonable explanation for the genetically diverse population of S. sapinea in South Africa is that the fungus has been introduced into the country repeatedly and from a wide range of countries during the past century. Imported pine seed was most likely the vehicle for these introductions. In terms of quarantine, the presence of the fungus in the country would have reduced the significance of S. sapinea as a priority. The consequence of lower perceived risk is the introduction of large numbers of genotypes of the pathogen and a significantly heavier burden in terms of disease management strategies.
The advent of molecular tools to identify pathogens is already increasing the capacity to evaluate risks. There are many examples of pathogen species previously believed to represent single taxa that are now known to comprise more than one and sometimes large numbers of species (O'Donnell et al. 1997 , Nirenberg and O'Donnell 1998 , Witthuhn et al. 1998 ). Such information is crucial in developing meaningful strategies for pathogen exclusion. Without the aid of molecular tools, scientists would be unable to correctly identify many species, which would mean that pathogens might be allowed into countries where they did not previously occur. The need to use such sophisticated tools to identify pathogens complicates the process of quarantine implementation, but in the long run the benefits of the tools-more accurate pathogen identification at the species and population levels-will far outweigh any such complications.
Conflicts of interest
Although the establishment of exotic tree plantations can confer many economic and ecological benefits, these trees can also have negative effects on environments. Many species of exotic trees used for plantation development have the capacity to become serious weeds that damage sensitive native ecosystems. For example, Pinus radiata, P. contorta, and P. pinaster, which were introduced as plantation trees, are considered to be serious invaders in various parts of the world (Kay 1994, Richardson and Higgins 1998) . Their invasiveness can be reduced through the introduction of seed-invading pests and pathogens (Kay 1994, Brockerhoff and Kay 1998 ), yet this approach presents a conflict of interests between the forestry industry and environmentalists. Resolving such conflicts will be difficult, given that little information is available about how to evaluate risks associated with the introduction of biological control agents. Increased knowledge and multiparty commitment to sustainability of plantations, as well as the environment, will be demanded in the future.
Biological control of weeds in general has many positive aspects, but it can also have serious negative consequences. These problems usually emerge because of incomplete knowledge of the biology of target species, of the biological control agent, and of the environment in which control is desired.
A recent study on biological control of the Sirex wood wasp in the Southern Hemisphere highlights the complicated nature of this form of control (Slippers et al. 2001 ). Populations of S. noctilio were significantly reduced with the use of the parasitic nematode Deladenus siricidicola (Taylor 1978 , Neumann et al. 1987 , Haugen 1990 , Bedding 1995 . In addition to being a parasite of Sirex larvae, this nematode feeds on the Amylostereum areolatum fungal symbiont of the wasp during a mycetophagous part of its life cycle (Bedding and Akhurst 1974, Bedding 1995) . Researchers recently reported, however, that the introduction of D. siricidicola to South Africa and to countries in South America led to the accidental introduction of a genotype of A. areolatum that is different from the one carried by the wasp (Slippers et al. 2001 ). This new genotype of the fungus was apparently in- troduced into Australia with the nematode during the development of the biological control program for Sirex, and it was not recognized that it differed from the fungus genotype introduced with the insect. The significance of this oversight is difficult to assess because the fungal symbiont of S. noctilio is not a primary pathogen. However, it may be linked to poor establishment of the nematode in South Africa and to other negative consequences that cannot yet be predicted (Slippers et al. 2001) .
Future threats to exotic plantations
Exotic plantation forestry has benefited from high productivity, which is linked primarily to the absence of pests and pathogens in native ranges (Bright 1998) . Although many pathogens have gradually appeared in these plantations, losses have been small relative to what they might have been. New diseases, caused by exotic and apparently native pathogens, continue to appear. All indications are that they will continue to do so. For example, three of the four most important pathogens of Eucalyptus in South Africa were unknown or very rare only a decade ago , Smith et al. 1994 , Wingfield et al. 1997 .
Compared with the number of pathogens found with forest tree species in their native ranges, relatively few pathogens have reached their host trees in their exotic situations. Of course, some pathogens might not be suited to areas where trees have been planted as exotics. Tree selection, and particularly hybridization between species, will also have an impact on the susceptibility of trees to some pathogens. Nonetheless, it is reasonable to expect that new pathogens will continue to appear over time and that profitability of plantations will be significantly affected.
In addition to introduced pathogens in the Southern Hemisphere, various native pathogens infecting exotic tree species have emerged over the last century. An important example is Eucalyptus rust, caused by Puccinia psidii, also known as guava rust fungus (Knipscheer and Crous 1990, Coutinho et al. 1998 ). This pathogen is native to Central and South America, where it is found on a wide range of native Myrtaceae, and it has recently also infected exotic Eucalyptus species in South America (Dianese et al. 1984 , Coutinho et al. 1998 . Puccinia psidii now threatens exotic eucalypt plantings elsewhere in the world. Perhaps of greater concern is the threat to native Myrtaceae in Australia, which represents a center of diversity for this important plant family (Coutinho et al. 1998) .
Native pathogens affecting exotic trees and exotic pathogens introduced to new areas often have no apparent impact initially (Bright 1998) . Such low levels of disease could reflect either low levels of susceptibility in planting stock or an environment that is unfavorable to pathogens' establishment. Another explanation, however, is that initial low levels of disease might reflect an establishment or incubation period for the pathogen during which it is subject to natural selection, followed by multiplication of virulent genotypes. As Bright (1998, p. 26) commented, "An exotic may spend decades as an innocuous good citizen in its new home before some subtle adaptation or shift in the ecological dynamic triggers an explosive invasion." Bright suggested also that exotic weeds in the United States may not be discovered until about 30 years after their introduction or after they have spread about 4000 hectares. The threat of new and exotic pathogens is therefore likely to be underestimated, which could create a false sense of security among foresters.
Conclusions
All available assessments show that the movement of plant material and their associated pathogens is a trend that shows no signs of abating. Rather, the introduction of new pathogens and pests appears to be increasing despite efforts to improve quarantine guidelines. Clearly, the increased movement of people and products throughout the world is the major factor influencing this trend (Bright 1998) .
The worldwide trend in forestry has been to establish plantations of rapidly growing trees with desirable properties. Such plantations have the advantage of reducing the highly undesirable practice of logging native and old-growth forests that still too often supply timber and pulp mills. To satisfy the need for wood, many millions of hectares of plantation trees have been established, particularly in the tropics and in the Southern Hemisphere, largely through the introduction of exotic species and genotypes. The need for timber has also significantly increased the movement of logs and other wood products between countries and continents.
Although the justification for establishing plantations of exotic tree species has generally been based on positive principles, there have been significant negative consequences-namely, the introductions of pests, pathogens, and weed plants into new areas. The use of molecular tools has provided new insights into the movement of such pests and diseases and the influence that this movement has on local populations of these organisms. For example, wellknown diseases thought to be associated with a single pathogen introduction now appear to be caused by large numbers of genotypes. This high diversity in introduced pathogen populations illustrates the inefficiency of quarantine efforts. Moreover, there is evidence of increasing numbers of pathogens of native plants that have become adapted to related plantation tree species. These "new" pathogens now threaten plantation tree species where these trees are native. In addition, well-intentioned efforts to establish biological control of insect pests of trees have led to the accidental introduction of new pathogen genotypes. Finally, efforts to implement effective biological control of plantation trees that have also become weeds are giving rise to conflicts of interest between forestry and environmental organizations. The risks that are associated with the introduction of pests and pathogens of these plants are virtually impossible to assess.
The need to promote greater understanding of the impact of introduced pests and pathogens of plantation trees is urgent. Efforts to achieve that understanding should address not only the losses that might accrue to forest industries but also the fact that plantation forestry is associated with the evolution of new pathogens and an increased movement of forest fungi between continents.
